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Abstract. Modern rotating machinery often takes advantage of new designs of used gearwheels and
rolling bearings. Usage of these new components enables machine to work quieter, increase its reli-
ability, and lengthen working life. Machine vibration analysis belongs to important methods used for
rotating machine conditions monitoring. Rotating machine vibrations are often processed by Fourier
spectrum especially Power Spectrum Density (PSD) analysis. Power Spectrum Density of vibrations
measured on rotating machine contains a lot of peaks at many different frequencies. Recognition of
peaks produced by an analyzed part of the machine is necessary for machine monitoring. This could
be accomplished by theoretical estimation of frequencies characteristic for the analyzed part, e.g. tooth
frequency for gear transmission. These theoretical estimations are unknown for new designs of a se-
lected part or even these estimations are often uncertain. Frequencies or bands important for the solved
task have to be estimated directly from the measured data too. Group of Adaptive Models Evolution was
used for this purpose for tapered roller bearing analysis and gear transmission vibration analysis.
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1 Introduction

Requirements to ensure a longer lifetime and less noisy running of modern rotating machinery lead to
necessity to utilize new designs of components used in the machine and set all used components so
that they can operate at their optimal states in general. Some mechanical designs require high demands
on accuracy and rigidity of the shaft placing. Elimination of even a small clearance is particularly
vital to pinion gears included in automotive gearboxes or metal cutting machine shafts. That is why
mechanically preloaded tapered roller bearings are often used nowadays. Development of new gears
poses another area in machine improvements. The new gear transmission designs could provide higher
load and reliability.

ft = n1 · f1 = n2 · f2 (1)

Theoretical models of these designs are very complicated and often they are not at disposal. Some
assumptions are sometimes known but they are too general and not accurate enough. For example, Tooth
Frequency (TF) which is characteristic for a gear transmission can by always expressed by equation 1.
Tooth Frequency ft is given by multiplication of a revolution rate of the first gear f1 and a number of
teeth of the first gear n1 or multiplication of the same properties of the second gear n2 and f2. TF



222

is shown by many harmonics in spectrum. There are also other characteristic frequencies as the hunt-
ing tooth frequency [1]. Selection of a few frequencies that are most important for gear transmission
vibration analysis is complicated and requires mutual comparison of many vibration spectra, this com-
parison can be done via cascade diagram (shown in figure 1), therefore it is convenient to simplify and
automatize this process. Analogical situation is also concerned rolling bearing analysis which utilizes

Fig. 1. Cascade diagram showing dependency of vibration a produced by gear
transmission spectra on the gearing load M .

theoretical prediction of frequencies at which vibrations of the bearing are supposed to occur. These fre-
quencies, called bearing characteristic defect frequencies, are given by equations 2 to 4, where fo, fi, fr

denote frequencies produced by the outer ring, inner ring, and rolling element of the analyzed bearing,
fs is a revolution rate of the shaft, n is a number of rolling elements, cos β is a contact angle between
race and roller, RD denotes a diameter of the rolling element, and PD denotes an average diameter of
the whole bearing that is measured between the centers of opposite rollers.

There are many other theoretical frequencies produced by components of the bearing, e.g. frequency
produced by the bearing cage [3]. There are serious disadvantage in presuming that defect in the bearing
can be modelled as a local defect but this presumption may not be accomplished in some cases, e.g.
estimation of tapered roller bearing vibration in dependence on its mechanical axial load. Vibrations are
mainly caused by pressure between bearing surfaces in this case.
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There can be often set up an experiment that enables to discover important frequencies directly from
measured data. That approach uses Inductive Modelling methods [5] to find out important features in
measured data. This paper is focused on using GAME for this purpose.

2 Experiment Setup

As mentioned above the main aim of described experiment is to recognize important features distin-
guished by the analyzed component in measured mixture of vibrations caused by different components
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of the machine. This experiment may be performed only once at the beginning of the machine analysis
and obtained information about important frequencies can be utilized later. The important presumption
of this process poses that exists a parameter which can be changed and its change primarily involves
vibrations of the analyzed part of the machine. The problem of distinguishing the frequencies mainly
involved by the bearing is thereby converted into the parameter estimation problem. Application of
Inductive Modelling methods on the measured data solves the parameter estimation problem and shows
frequencies generated by an analyzed component of the machine. Group of Adaptive Models Evolution
(GAME)[6] was used for this purpose in described project.

The mentioned approach was concretely used for analysis of vibrations of new designs of used gears
and tapered roller bearings. The solutions how to distinguish important frequencies describing the gear
transmission and how to distinguish frequencies generated by the tapered roller bearings were very
similar in both cases. Both solutions will by shortly described in next two sections.

2.1 Tapered Roller Bearing Vibration Analysis

Vibrations of a stand fitted with tapered roller bearings were measured in this case. The stand consists
mainly of two bearing housing, a robust shaft and driving engine. The tapered roller bearing housing
is placed on a rigid base. The stand also contains a mechanism that enables to set the axial load value
for the bearing. The main aim is recognition of vibrations produced by tapered roller bearings. The
tapered roller bearings type ZVL 32010AXA were analyzed. A dependency of the bearing vibrations
on a mechanical axial load was taken use. A level of vibrations produced by tapered roller bearings
decreases in dependence on axial mechanical load value rising. However the vibration level rises again
depending on the mechanical load if a certain value of the mechanical load is exceeded. The axial load
values from 0 to 3000 N with step 500 N were applied during the test and the revolution rate was kept
constant at 1480 RPM.

Fig. 2. Experiment used for discrimination of tapered roller bearing vibrations
from measured mixture of vibrations.

The figure 2 shows the experiment setup. The vibrations were measured using the Brüel & Kjær
PULSE 7537 analyzer fitted with calibrated accelerometers 4507 B. The accelerometers were placed on
the bearing housing in the radial direction. The measured vibrations were digitalized with the sample
frequency at 64 kHz. Then vibrations were filtered by low-pass filter in order to reduce noise and
disturbances. The filter was formed by Butterworth low-pass filter order 6 with the stop-band frequency
at 1.2 kHz.

Signal envelope was calculated from the filtered signal [4] and Power Spectral Density was estimated
using Welch’s method. The Hanning window in time was applied. The Welch’s segment length was
selected as one hundredth of the whole signal length, the overlap value was 25 %. The PSD spectrum
of measured vibration was divided into the uniformly spread bands with constant bandwidths at 20 Hz.
The division was done so that the theoretic bearing characteristic defect frequencies were in the center
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of a band. Vibration in each band was represented by the total power value. Each measurement of the
data set was represented by a feature vector of 60 real numbers.

GAME was formed from 10 models built during the training stage. Each model contained 3 layers,
initiated with 30 units, from that max. 5 units survived. We used neuron types: Linear, Polynomial,
Perceptron [6]. The inputs of GAME were the equidistantly divided bands. The target variable was
formed by the appropriate axial load value. The network was trained by the Quasi Newton method. The
result that we are interested is a set of inputs to which were connected survived units of the network.
The tools we used can estimate quality rating of each input [6].

2.2 Gear transmission Vibration Analysis

As mentioned in section 1, actual gearing condition can be described by a vibration level at the fre-
quency given by equation 1 and their higher harmonic and subharmonic frequencies. The frequencies
are characteristic for certain gearing and revolution rate. Evaluation of levels of vibration at these fre-
quencies and their changes can enable to find out any changes in gearing operational status, among
others especially the wear of gearing or else occurrence and evaluation of a fault at the gearing. The
main aim is to recognize harmonics that are most important and also contains most information about
the gear transmission condition.

The experiment focused on discrimination of vibration produced by gear transmission from mixture
of vibrations measured on the gearbox housing is depicted in figure 3. There can be seen obvious
similarity to the experiment aimed at discrimination of tapered roller bearing vibrations. The experiment
is arranged in the same way, however the settings is different. Gearwheels are operated under a defined

Fig. 3. Experiment used for discrimination of vibration produced by gear
transmission from mixture of vibrations measured on the gearbox housing.

stress or more precisely under a pre-selected torque during the experiment. The gearwheels or more
precisely gear transmission are mounted in a gearbox. The gearbox was arranged in a gear transmission
testing circuit during the experiment. The Niemanns closed loop circuit [1] was used for this purpose
because of its less energy intensiveness. In our case, we were limited by using the moment sensor up
to 2000 Nm. The circuit is dimensioned for maximal virtual power 785 kW and for revolution rate of
1450 RPM.

Regarding high financial requirements or another technological issues it is difficult or even impossi-
ble to measure vibration directly at gearing in some parts of gearboxes, so vibrations are often measured
on gearbox housing. Vibrations generated by gearing are transferred through a shaft and rolling bearing
into gearbox. These vibrations mixed with noise are measured on outer surfaces of gearbox housing.
Four different points on the housing were selected. The measuring points are denoted by numbers from
1 to 4. At each point, vibration was measured in three directions (in figure 3) denoted by V , H and
A. The highest gearing vibration level and lower undesirable effects as vibrations of plates could be
assumed at these points. The selected points are located at bearing housing above the shafts. Vibra-
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tions were also measured by Brüel & Kjær PULSE 7537 analyzer fitted with calibrated accelerometers
4507 B.

The measured vibration signal was filtered by low-pass filter with stop frequency at 4 kHz. The
PSD was calculated in the same way as in case of bearing analysis. The PSD was split into bands at
100 Hz so that the TF frequencies were in the bandwidth center. GAME used for analysis of the gear
transmission was set up similarly as in section 2.1.

3 Experimental Results

3.1 Tapered Roller Bearing Vibration Analysis

Data measured in this experiment contained 7 classes formed by different states of the axial mechanical
load. The data set contained 90 records: 5 records for the load at 0 N, 10 records for 500 N, 15 records
for 1000 N, 15 records for 1500 N, 15 records for 2000 N, 15 records for 2500 N, and 15 records for
3000 N. The records order were jumbled using a random process with normal distribution.

Topology of models created by GAME was quite scattered but the most rated bands, listed in table
2, were selected by each created model. Another selected bands was poorly rated up to 0.05. The
characteristic defect frequencies for the bearing ZVL 32010AXA are shown in table 1. The most rated
bands selected via GAME are shown in table 2. The overview of Power Spectral Density of vibration
and its evaluation by GAME is shown in figure 4.

eRMS =
√

(v̂ − vt)
2 (5)

10 GAME models were created. All created GAME models were verified by cross-validation [7]. The
data set was divided to testing data that was made up 10 % of all records number and training data
made up 90 % of all records number. The estimation error used for the cross-validation is expressed in
equation 5, where v̂ is an estimated value, vt is the target value. The average estimation error assessed
by the cross-validation process of all models is 62.2 N.

The models created by GAME was compared with Branch and Bound feature selection method [8].
The comparison is shown in table 3.

Tab. 1. Characteristic defect frequencies for ZVL 32010AXA.
Inner ring Outer ring Roller

341 Hz 276 Hz 225 Hz

Tab. 2. Frequencies selected via GAME (10 models, average of most rated
inputs).

Band 80 to 100 Hz 140 to 160 Hz 240 to 260 Hz 260 to 280 Hz 680 to 700 Hz 820 to 840 Hz
Rating 0.12 0.09 0.14 0.1 0.17 0.16

Tab. 3. Comparison of frequencies selected using GAME and Branch and
Bound.

GAME 240 to 260 Hz 260 to 280 Hz 680 to 700 Hz
Branch and Bound 240 to 260 Hz 260 to 280 Hz 920 to 940 Hz
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Fig. 4. Bearing vibration PSD overview and corresponding evaluation by
GAME (load at 1500 N).

3.2 Gear transmission Vibration Analysis

Data measured in this experiment contained 5 classes formed by different states of the torque forcing the
gearing. The data set contained 120 records: 15 records for the torque at 0 Nm, 15 records for 500 Nm,
30 records for 1000 Nm, 30 records for 1500 Nm, and 30 records for 2000 Nm. The records order were
jumbled using a random process with normal distribution.

Tooth Frequency (equation 1) characteristic for the tested gear transmission is 398 Hz. The most
rated bands selected via GAME are shown in table 4. The overview of Power Spectral Density of
vibration and its evaluation by GAME is shown in figure 5.

10 GAME models were created. All created GAME models were verified by cross-validation in the
same way as mentioned in section 3.1. The average estimation error assessed by the cross-validation
process of all models is 37.0 Nm.

The models created by GAME was also compared with Branch and Bound feature selection method
[8]. The comparison is shown in table 5.

Tab. 4. Frequencies selected via GAME (10 models, average of most rated
inputs).

Band 350 to 450 Hz 750 to 850 Hz 2750 to 2850 Hz
Rating 0.13 0.3 0.19

Tab. 5. Comparison of frequencies selected using GAME and Branch and
Bound.

GAME 350 to 450 Hz 750 to 850 Hz 2750 to 2850 Hz
Branch and Bound 350 to 450 Hz 750 to 850 Hz 1950 to 2050 Hz
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Fig. 5. Overview of gear transmission vibration PSD and corresponding
evaluation by GAME (torque at 1500 N).

4 Conclusion

This paper is concerned with the application of the Group of Adaptive Models Evolution method to
machine vibration analysis. The advantage of the proposed work is the automated selection of the
frequencies witch allow characterization of properties hence leading to process monitoring. The main
aim was to detect vibrations produced by the analyzed part and distinguish them from other vibration
sources. Arranging an experiment and subsequent application of Group of Adaptive Models Evolution
enable to discover important frequencies directly from measured data.

More precisely, usage of Group of Adaptive Models Evolution selects frequencies that match vi-
bration of parts being impressed with the selected parameter which is supposed to mainly involve the
analyzed component of the engine, therefore other knowledge about the solved problem is useful to uti-
lize. The knowledge can be posed by theoretical estimation of frequencies characteristic for the analyzed
part, e.g. tooth frequency for gear transmission or characteristic defect frequencies for bearings.

Group of Adaptive Models Evolution enables to obtain an overview of important frequencies or
bands distribution in whole vibration spectrum compared with usage of Feature Selection methods,
e.g. Branch-and-bound, Sequential forward selection etc. It poses an indispensable advantage of using
Inductive Modelling methods for this purpose.
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